Keywords: LSST, modeling, camera, CCD, simulation, diffusion, image processing. Removing systematic effects from astronomical images taken with CCDs requires a detailed understanding of the physics of the imaging process. To aid in this understanding, we have built detailed electrostatic simulations of the LSST CCDs. In order to build an electrostatic model of the LSST CCDs, physical information about the CCDs is required. These details include things such as the physical dimensions of the components of the CCD, dopant profiles, and in some cases, electrical measurements of the CCD. This work documents the results of these physical and electrical measurements on LSST CCDs.
Introduction
The Large Synoptic Survey Telescope (LSST) is an innovative, large, fast survey telescope currently under construction at Cerro Pachon in Chile [1] . The digital camera for the LSST, also currently under construction, will consist of approximately 3.2 gigapixels and will be the largest digital camera ever constructed. The camera uses fully-depleted silicon Charge Coupled Devices (CCDs) which are back illuminated and 100 microns thick in order to optimize quantum efficiency in the near infrared. The imaging area consists of 189 CCDs, with each CCD containing 16 imaging regions laid out in an 8x2 array. Each imaging region has a pixel array with approximately 500x2000 10 micron square pixels, giving 16 Megapixels total. Each imaging region also has its own independent amplifier ( [2] , [3] ). The LSST focal plane contains CCDs from two different vendors, the ITL STA3800C from the University of Arizona Imaging Technology Laboratory [4] , and the E2V CCD250 from Teledyne E2V [5] .
In order to produce high-quality scientific data from the LSST survey, it is important to have a detailed understanding of the CCD detectors. It is also possible that during the decade long duration of the LSST survey unforeseen problems may occur, and having detailed models of the detectors can aid in diagnosing and solving these problems. To further these goals, we have built electrostatic models of the CCDs from both CCD vendors. Construction of these models requires physical information about the CCDs, including things such as the physical dimensions of the components of the CCD, dopant profiles, and electrical properties of the devices which make up the CCD. This work documents the measurements which have been made to gather this data. This work is divided into several sections. The first section gives the results of the physical and electrical analysis of the ITL STA3800C CCD, and the second section gives the results of the physical analysis of the E2V CCD250. Each section is broken into sub-sections giving the results of the different analysis techniques. Because of more time and the availability of samples, more detailed electrical analysis was performed on the ITL CCD. The final section shows the results of applying the measured physical parameters to modeling the brighter-fatter effect on CCDs from both vendors. 1 arXiv:1911.09577v1 [astro-ph.IM] 21 Nov 2019
SPICE model development
To help understand the AC performance of the STA3800C device, we have also built a SPICE circuit-level simulation of the STA3800C output path. This has been calibrated to the above DC measurements and to several sets of AC measurements of the STA3800C. We will first review the model used to fit the DC transistor measurements. Figure 5 shows that we were unable to model the device as a simple MOSFET, but that a composite device model as shown in Figure 6 gave a reasonable fit to the measurements.
This SPICE model was used to analyze the output waveforms of the STA3800C CCD in two different controller environments. The results of these analyses, including schematics and netlists, are given in Appendix A. This 2 calibrated SPICE model is available for future analyses should the need arise.
Analysis of glowing amplifiers
During construction of the LSST focal plane, several amplifiers on STA3800C CCDs were seen to exhibit "glow", where a region of signal appearing to emanate from the amplifier region could be seen. This was believed to be caused by damage to the amplifier transistor which causes the transistor to emit infrared light. This infrared light then activates the light-sensitive CCD pixels. One of these sensors, which exhibited three glowing segments, was obtained for electrical analysis. The results are shown in Figure 7 . The two strongly glowing segments show reverse bias leakage current elevated by more than 10,000X, indicative of ESD damage. The slightly glowing segment is indistinguishable from the good segments. Other attempts to find anomalous behavior on the weakly glowing segment 13 were unsuccessful, so the cause of the glow from this segment is unknown.
Emission of light from damaged silicon diodes is well known. See, for example, [7] , especially Figure 10 , where infrared light emission from damaged diodes has been measured, with the flux of light emission roughly proportional to the magnitude of the leakage current. Because this light emission can interfere with sensitive astronomical measurements, sensors exhibiting this behavior should be avoided.
E2V CCD250

Deprocessing
In order to proceed with physical analysis of the E2V CCD250 chip, it was necessary to deprocess it and remove it from the package. This proved to be a lengthy trial-and-error process, but eventually several pieces of the CCD were removed from the package, and these were sufficient to do the desired analysis. A high-level overview of the deprocessing procedure is as follows:
• The CCD was believed to be bonded to the package with epoxy adhesive. IC deprocessing to remove epoxy adhesive is typically carried out with red fuming nitric acid, but this was not available. Concentrated (70%) nitric acid at 70C was chosen as an alternative. After immersing the package in this solution for about two hours, the epoxy adhesive was undercut sufficiently to allow several pieces to be mechanically cleaved loose from the substrate with a razor blade.
• At this point it was apparent that the CCD was fastened to a piece of support silicon, apparently to improve the mechanical rigidity of the this CCD. This "sandwich" was then fastened to the ceramic package. Figure  8 shows several views of the CCD and support silicon.
• The support silicon was apparently also bonded to the CCD using epoxy adhesive. Accordingly, the pieces containing portions of the CCD and support silicon were immersed in hot nitric acid for an additional 4 hours. At this point, the epoxy between the CCD and the support silicon was again sufficiently undercut to allow them to be mechanically separated (again using a razor blade).
• This process then exposed the CCD surface for optical photographs. There was still residual epoxy on the CCD surface, and the majority of this was removed with and additional 15 minutes in hot nitric acid. At this point the CCD surface was relatively clean. It is important to note that the metal layers were removed by the hot nitric acid, although a "ghost" image where the metal layers had been could still be seen. Optical photographs were obtained and are detailed in the next section.
• To obtain SIMS analysis of dopant profiles, a larger portion of the CCD was needed, including a portion of the imaging array. For this, it was not necessary to leave the oxide and metal intact. In fact removing all layers down to bare silicon is desirable. So for these samples, a portion of the CCD was immersed in 49% HF for approximately 18 hours. This undercut the oxide layers on the CCD and separated the CCD from the support silicon. After examining these samples, it was seen that many pieces of polysilicon that had been floating in the HF solution had adhered to the silicon. These were removed with short etches in Piranha (H 2 SO 4 /H 2 O 2 ) followed by BOE (Buffered HF). After this, the samples were fairly clean. Optical micrographs of these samples were also obtained, and the samples were then sent for SIMS analysis. These results are detailed in the next sections.
• An alternate method to dissolve the epoxy adhesive was also tried. Properties of epoxy adhesives list methylene chloride (CH 2 Cl 2 ) as a solvent for epoxy. However, even after immersing several samples in room temperature methylene chloride for two weeks, there was no apparent attack of the epoxy.
Optical Micrographs
A series of optical micrographs of the E2V CCD250 chip are shown in Figures 9, 10, and 11. These illustrate the serial register with its right-angle bend, and the two stage output device circuitry. A schematic of the output chain is shown in Figure 12 . The component values given there are estimates from measuring the photographs and should be considered approximate (±20% at best).
SIMS Analysis
SIMS analysis (see Section 2.3) was also performed on the E2V CCD250 chip. In the case of the ITL device, consultation with the vendor allowed us to identify large regions in the periphery of the chip where the dopant profiles in the array could be measured. Not having this information on the E2V device required taking the SIMS profiles in the imaging array. Since the SIMS measurement spot is much larger than one pixel, the profiles in the array include both channel and channel stop regions. This requires some judgment to calculate the actual dopant profiles, so there is some uncertainty. This is discussed in Figure 13 . For the E2V chip a series of SIMS profiles were also taken outside the array, and these results are shown in Figure 14 .
Poisson CCD Model Development
With the physical analysis of the CCD in place, we were able to proceed with building calibrated electrostatic models of both CCDs. The Poisson CCD code is designed to model astronomical CCDs and provide answers to questions of astronomical interest. These include calculating the electric fields in the CCD, calculating the electron paths after photo-conversion, simulating the impact of diffusion on the PSFs, simulating the impact of lateral electric fields on phenomena such as the brighter-fatter effect ( [8] , [9] , [10] ) and edge roll-off( [11] ), and any other phenomena of interest. The code is described in detail elsewhere ( [12] , [13] ) and the code itself, with many examples, is available at [14] .
The intent here is not to go into detail of the Poisson CCD code, but to show an example of what has been accomplished with the physical characterization discussed above. Perhaps the most important characteristic of the CCD which has been simulated and compared to experiment is the distortion of the pixel shapes due to the brighter-fatter effect. As has been extensively discussed in the literature ( [8] , [9] , [15] , [12] ), as charge builds up in the central region of bright objects, the stored charge repels additional incoming charge and broadens the profile of these objects. The impact of the stored charge on the pixel shapes can be measured by measuring the pixel-pixel correlations on a large number of flat images ( [8] , [10] ). These correlations are calculated from a large number of flat pairs of varying intensity (see [10] for example) as:
where f i,j is the difference in flux between the two flats at pixel i,j, and N pix is the number of pixels summed over. This calculation is implemented in the LSST image reduction pipeline [16] .
We show here that these correlations can be simulated using the Poisson CCD software with a model calibrated with the above-measured physical attributes of the CCDs. Since the physical attributes of the CCD are either known silicon parameters or measured physical quantities, any adjustable parameters associated with the CCD 4 structure have been removed. The only remaining adjustable parameters are those associated with the details of the numerical solution to Poisson's equation.
First we show that the dopant profile model in the Poisson CCD simulator accurately reproduces the measured SIMS profiles, as shown in Figures 15 and 16 . Next, Figures 17 and 18 show the location of the charge in three dimensions when one pixel contains 100,000 electrons and the surrounding pixels are empty. These figures also show the pixel distortions which result in this case. These pixel area distortions allow one to calculate the pixelpixel correlations that result, and this is done and compared to measured correlations in Figures 19 and 20 . Care was taken to make sure to match the conditions (namely the applied voltages and which parallel phases were high during image integration) between the flat measurements and the simulations. The good agreement shows the value of obtaining good physical characterization to inform the simulations.
There is one caveat to be discussed in the case of the E2V sensor. As discussed in Section 3.3 and in Figure 13 , there is some uncertainty in the structure of the channel stops in the imaging array. Here we assume that the channel stop implant is only present in the small rounded square "dots" which are visible in Figure 13 . With this assumption, there is still some uncertainty as to the location of the "dots" with respect to the collecting gates when doing charge integration.
To try to answer this question, we ran the two simulations shown in Figure 21 .
The fit with the measured correlations is much better when assuming that the channel stop "dots" are centered on the collecting gates (the collecting gates are phases 2 and 3 in these measurements). Therefore the simulations shown in Figure 18 and Figure 
Conclusions
This work documents the physical and electrical measurements which have been done to characterize the CCDs from both vendors which are being used to build the LSST focal plane. Based on these measurements, calibrated electrostatic simulations have been prepared to answer questions which may arise during LSST commissioning and operation. A set of calibrated SPICE models for the ITL STA3800C CCD has also been built and is available should it prove useful.
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Figure 20: This is the same as Figure 19 , but for the E2V CCD250 chip, using the pixel distortions shown in Figure 18 . The agreement is not quite as good as in the ITL case, but is still good. 
A Appendix -STA3800C Output Driver SPICE Model
The model of the STA3800C output transistor that was discussed in Section 2.5 was incorporated into more detailed SPICE simulations and used to model the output of the STA3800C CCD in two different controller environments. The first used an SAO controller that was used in the LSST Optical Simulator at UC Davis ( [17] , [11] , [12] ). Figure A.1 shows the fit obtained between the measured output waveforms and the simulation. The schematic and netlist used for this simulation are given in Figure A.2 .
A more detailed simulation was carried out to understand anomalous output characteristics seen in the video chain used in a portion of the LSST focal plane. Some amplifiers on some sensors display much slower output recovery than others, as seen in Figure A. 3. Using the schematic and netlist shown in Figure A .4, we were able to reproduce this behavior by adding substrate resistance to the output transistor. While it is not certain that this is the cause of the problem, we believe that the very lightly doped CCD substrate can lead to high and variable substrate resistance of the output transistor and lead to the observed slow response. 
B Appendix -STA3800C Poisson CCD configuration file
# ------------------------------------------------------------------------------ ## ------------------------------------------------------------------------------ #------------------------------------------------------------------------------ #= 1.1 # Side diffusion in microns # ------------------------------------------------------------------------------ #------------------------------------------------------------------------------ # Pixel------------------------------------------------------------------------------ # ConstantEperp = 0) # ------------------------------------------------------------------------------ # PixelSaturationModel = 0 # Saturation Model 1=On, 0=Off; Experimental! # ------------------------------------------------------------------------------ ## # ------------------------------------------------------------------------------ ## ------------------------------------------------------------------------------ #------------------------------------------------------------------------------ ## ------------------------------------------------------------------------------ #
